We discuss how to constrain new physics in the neutrino sector using multimessenger astronomical observations by the IceCube experiment. The information from time and direction coincidence with an identifiable source is used to improve experimental limits by constraining the mean free path of neutrinos from these sources. Over the coming years, IceCube is expected to detect neutrinos from a variety of neutrino-producing sources, and has already identified the Blazar TXS 0506+056 as a neutrino-producing source. We explore specific phenomenological models: additional neutrino interactions, neutrinophilic dark matter, and lepton-number-charged axion dark matter. For each new physics scenario, we interpret the observation of neutrinos from TXS 0506+056 as a constraint on the parameters of the new physics models. We also discuss mergers involving neutron stars and black holes, and how the detection of neutrinos coincident with these events could place bounds on the new physics models.
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I. INTRODUCTION
The neutrino sector is the least known sector of the standard model -the absolute value of their masses, the mass generation mechanism itself, and the Dirac or Majorana nature of neutrinos are a few of many open questions. Besides, long standing discrepancies in short baseline oscillation experiments [1] [2] [3] [4] [5] are still to be understood, possibly pointing towards novel interactions secluded to the neutrino sector. In fact, current experimental constraints still allow relatively sizable new neutrino interactions, specially in scenarios where new physics is light and weakly coupled (see, e.g. Refs. [6] [7] [8] [9] [10] [11] ). As neutrinos interact very weakly with matter, exploring this sector is a challenging task, requiring non-trivial search strategies ranging from man made neutrino beams to astrophysical neutrino sources.
Since the discovery of ultra-high energy extraterrestrial neutrinos (UHEν) by IceCube [12] , a great deal of attention has been devoted to what can be learned about neutrino physics from these events. The underlying features that prompt such question are essentially the extreme conditions of UHEν that are otherwise inaccessible at collider experiments: multi-PeV neutrinos traversing Gigaparsecs of cosmic neutrino and dark matter backgrounds to arrive at the Earth. The observation of the UHEν spectrum provides an invaluable probe of physics beyond the standard model. For instance, the flavor composition of UHEν can be used to probe non-standard neutrino interactions, mixing with sterile neutrinos and neutrino decays [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] , as well as CPT violation [28] [29] [30] [31] ; the shape of UHEν energy spectrum can probe interactions between neutrinos and leptoquarks [32] [33] [34] [35] [36] [37] [38] [39] ; and the arrival of extragalactic events is an indication that the universe is not opaque to neutrinos, constraining new interactions in the neutrino sector [7, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] . In this paper, we will focus on the opacity of the universe to neutrinos, and how multimessenger astrophysics can be used to extract additional information from IceCube UHEν.
Our motivation relies on the following recent observations. First, the IceCube collaboration recently detected a high-energy neutrino event in time and directional correlation with a gamma ray flare from the blazar TXS 0506+056 [50, 51] . Additionally, the IceCube collaboration, upon analyzing data from 2014-2015, has measured an excess of 13 ± 5 events from the direction of TXS 0506+056 with ∼ TeV-PeV energy neutrinos. Measurements of TXS 0506+056 constrain its redshift to be z = 0.3365 ± 0.0010 [52] , corresponding to a distance of 1.3 Gpc, implying that the mean free path of neutrinos is larger than 1.3 Gpc. Second, the LIGO collaboration has recently begun detecting gravitational waves (GW) from the merger of compact objects. The first such observation that detected GW coincident with electromagnetic (EM) followup from a wide range of frequencies [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] was the event GW170817 [65] . This has allowed the LIGO collaboration to estimate that there exists a non-zero rate of binary neutron star (NS-NS) mergers in the universe [65] of 1540 +3200 −1220 Gpc −3 yr −1 . While EM followup was detected for this, no neutrinos were detected coincident with GW170817 by a variety of neutrino detectors [66] . Many have speculated about the possibility of high-energy neutrino emission from NS-NS mergers, and in the next generation of neutrino experiments, these types of events should be detectable [67] [68] [69] [70] [71] . Neutrinos may also be emitted from Neutron Star-Black Hole (NS-BH) mergers, the rate of which in the universe is estimated to be between 0.5 and 1000 Gpc −3 yr −1 [72] . Our aim is to evaluate how much more one can learn about the neutrino sector using multimessenger astrophysics, that is, using the information from the coincidence between a high energy neutrino signal and GW/EM observations. This coincidence bears valuable information, allowing to further assess the opacity of the universe to neutrinos as the direction, timing and distance of the neutrino source is identified. While the predicted neu-trino fluxes from NS mergers and blazars vary based on a number of assumptions, making it hard to predict an event yield at a neutrino experiment, we may still use the possibility of detection to probe new physics in the neutrino sector. For example, if new neutrino interactions exist, there is the possibility that a neutrino emitted from an identified source can scatter off a neutrino from the Cosmic Neutrino Background (CνB), causing it to go undetected at Earth, or to have a neutrino signal delayed with respect to the optical one.
In this manuscript, we will focus on the detection of neutrinos coincident with the blazar TXS 0506+056 as a means of probing specific new physics scenarios. Additionally, we will discuss the future ability of IceCube Generation 2 (IceCube-gen2) and its sensitivity to NS mergers in probing these new physics scenarios. We analyze the existence of neutrino secret interactions (νSI), in which there exists a new massive particle coupling to neutrinos, the possibility of neutrinophilic dark matter, and the existence of a lepton-number-charged axion. We provide a recipe for setting limits on these scenarios given the detection of one neutrino event or more, and we discuss the possibility of discovering new physics in the neutrino sector in the absence of detecting neutrinos in particular regimes.
II. PROBING NEW PHYSICS WITH NEUTRON STAR MERGERS AND OTHER MULTIMESSENGER ASTROPHYSICS
For concreteness, we will focus on the neutrino signal associated with the blazar TXS 0506+056. Before going into details on how to constrain new interactions, we first discuss the general aspects of TXS 0506+056 that are relevant to our proposal. The blazar has been measured to be at a distance of 1.3 Gpc from Earth [52] , and a neutrino alert (IceCube-170922A) was detected coincident in time and location with a gamma-ray flare from the blazar. Subsequent analysis of historical IceCube data has uncovered an excess of 13 ± 5 muon neutrino events in 2014 and 2015 from the direction of TXS 0506+056. The events in this time window are produced by neutrinos with energy ∼TeV-PeV [50] .
Interactions restricted to the neutrino sector are notoriously difficult to probe. However, neutrinos emitted in astrophysical environments pass through the cosmic neutrino background CνB with an average density of n ν ∼ 340 cm −3 , providing a promising environment to study neutrino-neutrino interactions. In the standard model, the mean free path of a PeV neutrino traversing the CνB is O(10 11 ) Gpc. If a new interaction between neutrinos is present, the universe may eventually become opaque to high energy neutrinos, and thus the observation of neutrino events from an identifiable source can put strong constraints on ν − ν interactions. Additionally, if sizable ν − γ or ν-dark matter interactions exist, scattering off the Cosmic Microwave Background (CMB) or dark matter relic densities can cause a depletion of the detected neutrino events.
We assume that the observation of a neutrino event from an identifiable source implies that the mean free path of neutrinos λ MFP with such an energy is greater than the progenitor distance d, which is measured precisely by EM/GW experiments. Specifically, we define the mean free path as
where n X is the number density of particle X (assumed to be uniform) and Y is the particle/particles produced by the interaction between ν and X. We perform this process for several new neutrino physics scenarios: "secret neutrino interactions" with a new mediator (X = ν/ν), neutrinophilic dark matter (X = ν/ν or dark matter), and interactions between neutrinos and a relic density of axion dark matter (X = a). Our simulation is as follows. For a given new physics hypothesis, we perform a 10 4 pseudoexperiments attempting to replicate the IceCube measurement of events from TXS 0506+056. For a given pseudoexperiment, we draw a number (from a Gaussian distribution of 13 ± 5) of events from the published IceCube data between MJD of 56937.81 and 57096.21 (this range corresponds to the box method best-fit in Ref. [50] and contains 61 events) [73] . Each event's muon energy proxyÊ ν is published. We use the supplemental material ( Figure S5 ) from Ref. [50] to estimate the most-likely value of true neutrino energy E ν givenÊ ν , and arrive at the following relationship:
Following Figure S6 of the supplemental material from Ref. [50] , we approximate the uncertainty of E ν to be an order-of-magnitude in width. We also assume a flat prior on E ν over this range * . The mean value ofÊ ν in the * A more thorough analysis of the results of TXS 0506+056 would include the event weights for each data point in Ref.
[73], and would also incorporate a more detailed simulation of the most likely value of Eν given the measurement ofÊν , as well as the probability distribution of Eν . The aim of this manuscript is to provide motivation for such an analysis by showing its power in time window we analyze is roughly 2.3 TeV, corresponding to E ν ∼ 4.9 TeV. The observation of 13 ± 5 neutrinos from TXS 0506+056 does not automatically imply that λ MFP is greater than 1.3 Gpc -if the predicted number of neutrino events from the blazar flux were O(100) and neutrinos have a mean free path of O(500 Mpc), the number observed would be reasonable. However, the measured neutrino luminosity in the time window used by IceCube is 1.2
47 erg s −1 compared to the gamma-ray luminosity of 0.28 × 10 47 erg s −1 [51] . The two luminosities are expected to be similar, leading us to believe that λ MFP > 1.3 Gpc is a reasonable conclusion to draw.
In addition to neutrinos from blazars, it is expected in the coming years that IceCube (and its next-generation upgrade IceCube Generation 2) will be able to detect neutrinos associated with both GW and EM signatures from the mergers of neutron stars with either other neutron stars (NS-NS) or black holes (NS-BH) [71] . Over ten years of data collection, under optimistic astrophysical assumptions about the neutrino production in these environments, IceCube Generation 2 is expected to detect between roughly 20 and 50 neutrino events from the extended emission of the Short Gamma Ray Bursts (SGRBs) produced in the NS-NS or NS-BH merger. These events are identified to be coincident in direction and within a specified time interval of the GW/EM detection of the merger. IceCube will be most sensitive to events with neutrino energies ∼ 100 TeV -1 PeV at distances of up to roughly 600 Mpc. For comparison with the search using TXS 0506+056, we display for each new physics scenario a dotted line corresponding to a constant mean free path of 600 Mpc for a 1 PeV neutrino. Uncertainties on a measured neutrino energy would smear the ability to set a limit on physics parameters, which is not accounted for here.
A. Secret Neutrino Interactions and Neutrinophilic Dark Matter
Here we consider that neutrinos couple to a new massive particle φ, where φ can be a scalar (φ = S), pseudoscalar (P ), vector (V ), or axial-vector (A) particle. Assuming the coupling to this new particle to be g X , the cross sections for neutrino scattering via this new particle are
In the m ν → 0 limit, the distinctions between scalar/pseudoscalar and vector/axial vector cross sections vanish.
The parameter corresponds to a minimum center-of-mass-frame scattering angle to regularize this cross section, namely
Without non-zero , the cross section does not goes to zero in the s → ∞ limit. We use = 0.05, however the numerical results do not depend strongly on this value. There also exists a t-channel scattering amplitude in each of these cases, however the cross section due to this is negligible compared to those shown. Fig. 1 displays our estimate of the IceCube limits to secret neutrino interactions from the 13 ± 5 excess events coincident in location with TXS 0506+056. Limits are displayed as a function of m φ and g S,P,V,A , the scalar, pseudoscalar, vector, or axial-vector coupling between φ and neutrinos. The cross-sections for scalar/pseudoscalar and vector/axial-vector interactions are identical in the limit m ν → 0, so only two limit regions are shown. Scalar/pseudo-scalar limits are shown in blue, and vector/axial-vector limits are shown in red. The line in the center of each band corresponds to the median expected limit, and the dark (light) surrounding region corresponds to the 1σ (95% CL) limit from performing 10 4 pseudoexperiments, as discussed above. We include constraints on these couplings from the CMB [75, 76] and the weakest (in terms of flavor dependence) bound from meson probing specific new physics models, and we encourage the experimental community to perform a more complete analysis IceCube TXS 0506 + 056 Sensitivity (13 ± 5 excess evts.)
ν − χ scat., gS,P ν − χ scat., gV,A ν − ν scat. We also show existing bounds on the neutrino/φ coupling gS,P,V,A from cosmological probes [75, 76] and τ /meson decays [77] in gray. In the right figure, we show limits from neutrino scattering off relic χ dark matter in red and blue, and also resonant scattering νν → φ → χχ in green. Here, we assume the χ/φ coupling gD = 1 and that mχ = 5 keV.
and charged-lepton decays [77] . For simplicity, we assume the CνB neutrinos have a mass of 1 eV and are at rest in the universe. The strictest bound on g S,P,V,A is set for
(II.9)
We note here that bounds placed by IceCube can also apply to neutrinos scattering and producing a leptonnumber-charged scalar, as the CνB consists of both neutrinos and antineutrinos, so the s-channel process νν → φ → νν can occur [78] . If a new particle that couples to neutrinos can serve as a dark matter mediator, we can further probe the g S,P,V,A vs. m φ parameter space (right panel of Fig. 1 ). Assuming φ couples to a fermionic DM χ with a coupling g D = 1, there are two contributions to the neutrino mean free path: νν annihilation into χχ via an s-channel † mediator, or t-channel scattering off relic χ dark matter. The right panel of Fig. 1 also displays expected limits on g S,P,V,A under these assumptions with m χ = 5 keV as an example. In contrast to the secret interactions case, when the target is a vector-like keV dark matter particle, the Lorentz structure of the coupling leads to a different cross section due to the non-zero mass of the dark matter. The difference between scalar, pseudoscalar, vector, and axial-vector φ is negligible for the νν scattering (green) in this case.
Finally, for both secret interactions and neutrinophilic DM cases, we show a dashed line of constant mean free path of 600 Mpc for a 1 PeV neutrino, the rough distance and energy expected in neutrino events from NS mergers. Although this is not an expected constraint (as one would need to consider energy uncertainties, etc.), the lines serve to give an idea of the impact of a higher-energy neutrino event on the sensitivity to a new physics model, even despite the shorter mean free path compared with TXS 0506+056. The future detection of neutrinos associated with NS merger events will allow us to probe heavier mediator masses m φ than with TXS 0506+056 alone. Notice that the scalar and pseudoscalar lines behave differently from the vector and axial-vector for the secret neutrino interaction (Fig. 1 left panel) in the limit m φ → 0. This is due to a flattening of the V/A cross section as m φ goes to zero (second term in Eq. (II.5)), compared to a behavior ∝ g 4 m 2 φ for the S/P case.
B. Axion-Neutrino Couplings
Axions provide a compelling solution to the strong CP problem via the Peccei-Quinn mechanism, which also predicts a bosonic dark matter candidate with sub-eV masses [79] . The field that breaks the Peccei-Quinn symmetry, if it carries lepton number, could also be responsible for the Majorana mass of right-handed neutrinos N , having thus a larger coupling to these hypothetical fermions [80] . In that case, neutrinos would couple to the 
where φ is the Peccei-Quinn scalar (whose phase is the axion a). To be model independent, we consider separate couplings between axions and the active neutrinos (L ⊃ g aνν aνγ 5 ν) and between axions and one active neutrino and one heavy neutrino (L ⊃ g aνN aνγ 5 N ), however, in specific realizations of the model, these couplings are related by the neutrino masses and mixings.
Assuming only the coupling g aνν exists, astrophysical neutrinos may scatter off relic axions with the crosssection
Assuming that the axions comprise the relic dark matter density in the universe (ρ DM = 0.3 GeV/cm 3 ) and that the axion velocity is v a ∼ 10 −3 , constraining the mean free path of neutrinos to be above a distance d allows us to place a bound on g aνν of g aνν 1.83 × 10 (II.12)
We can trace back each term in this inequality by looking at the cross section and mean free path formula. The first is simply the cross section that goes as g 4 aνν E ν . The second is a combination of the cross section behavior (σ ∝ g 4 aνν /m a ) and axion number density, while the last is simply due to the mean free path definition, as λ MFP ∝ 1/g 4 aνν . This coupling is also constrained by particle emission in double-beta decay experiments [81] , giving g aνeνe 10 −5 , and by Planck measurements including free streaming and N eff [82] , which give g aνν 10 −13 (1 eV/m a ) 2 . Notice that our constraint (II.12) is complementary to the N eff one, with different dependence on the mass m a .
With the coupling g aνN , this process will include an s-channel heavy neutrino N with the cross section Depending on the axion mass, one can set limits in the m N − g aνN plane, which we display in Fig. 2 . Limits are better for lighter axion masses (where the preferred axion mass is near 10 −6 eV [80] ). Heavy neutrino masses on the order of keV-MeV are accessible in this scenario.
As with the secret neutrino interactions and neutrinophilic dark matter, we show a line of constant mean free path of 600 Mpc for a neutrino energy of 1 PeV, associated with the distance and energy of neutrinos from NS mergers that could be detected by IceCube Generation 2. We see that, except for in the region s m 2 N , the limit set by TXS 0506+056 is stronger than this example: this is because the cross section in Eq. (II.13) is larger for the lower-energy neutrinos from TXS 0506+056.
We can understand the flat (linear) behavior of the curves in Fig. 2 for small (large) m N as follows. As m N → 0, the cross section in Eq.(II.13) goes to g 4 aνN /(128πm a E ν ), eliminating any m N dependence. The spread in the limits from TXS 0506+056 for low m N then comes from the spread in energies of the detected neutrinos. Once m 2 N >> s, the cross section becomes g 4 aνN /(64πm 2 N ), now independent of neutrino energy. There is still m a dependence on the limits as n a , the axion number density, is inversely proportional to m a -explaining why bounds are stronger for low m a than high.
C. Absence of Neutrinos above some Distance
In general, it is easier to interpret the detection of a neutrino (coincident with an identified source) as a lower limit on the neutrino mean free path than it is to observe no neutrinos from some source and argue that all neutrinos have been absorbed en route to Earth. This is due in large part to the uncertainties on the neutrino production by astrophysical sources, such as neutron star mergers [71] .
As discussed in Ref. [71] , several tens of neutrinos from neutron star merger events are predicted to be detected after ten years of IceCube Generation 2. If no neutrinos are detected in this timespan, either (a) models predicting neutrino production from SGRBs must be adjusted or (b) new physics, such as neutrino absorption discussed here, is at play. However, suppose neutrinos are detected associated with several NS merger events below a given distance, but not in several events with more distant progenitors. Then, (b) is the most likely explanation. If the detected neutrinos have energy ∼ 1 PeV and the distance above which no events are detected is ∼ 600 Mpc, then the dashed lines in Figs. 1 and 2 depict the preferred region of parameter space for this explanation.
III. CONCLUSIONS
We have discussed how new physics in the neutrino sector can be probed with multimessenger astronomical observations in IceCube and its upgrade, Generation 2. By identifying the neutrino-producing source with time and direction coincidence with gravitational wave and/or electromagnetic observations, we may improve on constraints on the opacity of the universe to neutrinos. To exemplify this method, we have performed an analysis of the neutrino events detected coincident with the blazar TXS 0506+056 and interpreted their detection in several simplified models: neutrino secret interactions, neutrinophilic dark matter, and axion-neutrino couplings. For the first two models, a more thorough analysis than ours would improve the bounds from the CMB and τ /meson decays. For the axion case, we derive complementary constraints to cosmological bounds. IceCube could also place strong bounds for sub-micro-eV axions, if the right-handed neutrinos are in the keV-MeV scale.
Briefly, we offer some remarks on new neutrino physics scenarios in which utilizing the large distances traveled by ultra-high energy extraterrestrial neutrinos is not advantageous compared with other methods of neutrino detection. Famously, the observation of neutrinos from Supernova 1987A has been used to place constraints on new physics models, such as the existence of a neutrino magnetic moment [83] , neutrinos with nonzero electric charge [84] , or new particle interactions [85] . Unlike the scenarios studied in this work, these specific models are more easily probed by low-energy (E ν ∼ several MeV) neutrinos. As an explicit example, if one were to attempt to constrain the lifetime of neutrino decay, the Lorentz factor γ = E ν /m ν makes probes with ultra-high energy extraterrestrial neutrinos feeble in comparison to those from distant supernovae.
Having identified specific new neutrino physics models that are better probed by high-energy neutrinos, we emphasize the importance of multimessenger astronomy in searching for this new physics. Of critical importance here is the ability to pinpoint the sources of neutrinos, both in terms of time and direction. Then, and only then, can one be confident that the mean free path of travel is greater than the distance of the observation of gravitational waves and/or electromagnetic signature detection. Over the next decades, the joint effort of these probes will be able to explore a wide variety of new physics models in the neutrino sector.
